Prosthesis-patient mismatch (PPM) after transcatheter aortic valve replacement (TAVR) leads to increased mortality. However, its peri-procedural determinants remain unknown. We investigated geometric changes in aortic annulus (AoA) and left ventricular outflow tract (LVOT) during TAVR by three-dimensional transoesophageal echocardiography (3D-TEE) and its association with post-procedural PPM.
Introduction
Prosthesis-patient mismatch (PPM) is observed after surgical aortic valve replacement (AVR) and has been shown to be associated with more cardiac events and decreased long-term survival. 1 Despite a lower incidence of moderate-to-severe PPM after transcatheter aortic valve replacement (TAVR), 2,3 a recent analysis from the PARTNER (Placement of AoRTic TraNscathetER Valves) trial confirmed the association between severe PPM and increased mortality, highlighting the need to investigate factors related to post-TAVR PPM. 4 We hypothesized that prediction of PPM prior to surgical AVR is possible by calculating the projected indexed effective orifice area (EOA). 1 As opposed to surgical AVR, peri-procedural factors, such as the degree of prosthesis expansion and the use of balloon dilation, may be associated with the occurrence of PPM following TAVR. Heretofore, both three-dimensional transoesophageal echocardiography (3D-TEE) 5, 6 and cross-sectional computed tomography (CT) 7, 8 have been used only before TAVR for sizing of aortic annulus (AoA) and left ventricular outflow tract (LVOT). Because the shape of AoA and LVOT could be altered by the prosthesis insertion, it is desirable to assess the impact of geometric changes in AoA and LVOT on post-TAVR PPM using 3D-TEE, which can be used intraprocedurally during TAVR without iodinated contrast and additional radiation exposure.
The objectives of the current study were as follows: (i) to evaluate geometric changes in AoA and LVOT during TAVR using intraprocedural 3D-TEE; and (ii) to identify pre-or peri-procedural determinants of PPM in patients who underwent balloon-expandable TAVR. Furthermore, in the substudy analysis, we compared the incidence of PPM between 2D Doppler echocardiography and 3D-TEE to determine which modality was better to evaluate post-TAVR PPM.
Methods

Patient population
A total of 253 patients who underwent balloon-expandable TAVR (Edwards Sapien/Sapien XT, Edwards Lifesciences, Irvine, CA, USA) for treatment of severe aortic stenosis between January 2013 and January 2014 were retrospectively enrolled. Inclusion criteria were an aortic valve area ≤0.8 cm 2 (or indexed aortic valve area ,0.5 cm 2 /m 2 ) and resting or inducible peak transaortic velocity .4 m/s or a mean pressure gradient ≥40 mmHg. 4 All patients were considered at high operative risk or had contraindications to surgical AVR. Patients with the previous valvular heart surgery (n ¼ 5), severe mitral or aortic regurgitation (n ¼ 20), bicuspid aortic valve (n ¼ 3), lack of post-TAVR 3D-TEE data (n ¼ 84), and suboptimal two-dimensional (2D) or threedimensional (3D) images (n ¼ 10) were excluded. The remaining 131 patients eligible for analysis formed the study group. The study was approved by the Institutional Review Board.
2D Doppler echocardiography
All patients were examined using transthoracic echocardiography at baseline. Standard LV linear dimensions, mass, and ejection fraction were measured according to current recommendations. 9 In a zoomedup parasternal long-axis view, the LVOT diameter was measured within 5 mm into the LVOT from the level of the AoA during early systole. 10 Peak transaortic velocity was determined in multiple window, and mean pressure gradient was estimated using the modified Bernoulli equation. The aortic valve area was calculated using the continuity equation and indexed to body surface area. 10 The stroke volume was measured as the product of the LVOT area and its velocity -time integral. An integrative, semi-quantitative approach was used to assess the severity of native valve regurgitation.
Intraprocedural 2D-TEE
Intraprocedural TEE was performed during general anaesthesia using iE33 ultrasound imaging system equipped with a fully sampled matrixarray transducer (X7-2t Live 3D transducer, Philips Medical Systems, Andover, MA, USA). Aortic valve calcification was assessed from the short-axis view obtained at the mid-oesophageal level using a semiquantitative score (0 -4). An overall aortic valve calcification score ranged from 0 to 12, resulting from the sum of the cusps. The severity of PVR was graded immediately after TAVR by the sum of the crosssectional area of the vena contracta in the short-axis view.
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Intraprocedural 3D-TEE With 3D-TEE, 4-beat or 6-beat full volumes (volume rate: 31 + 9 frames/s, range 18 -50 frames/s) were acquired with the narrowest possible depth for obtaining a volume containing the aortic valve, the LVOT, and part of the ascending aorta. The loop was then analysed with a 3D commercially available software package (QLab Cardiac 3DQ, Philips Medical Systems). Off-line cropping of the 3D data sets was performed during early systole using three multiplanar reconstruction (MPR) planes. First, the transverse and two orthogonal MPR planes are roughly oriented along the aortic root to ensure that all planes intersect at the centre of the aortic valve, with two orthogonal MPR planes aligned parallel to the long axis of the ascending aorta, and with the right coronary cusp oriented in the 6-o'clock position on the transverse plane ( Figure 1A ). Second, the three MPR planes were shifted and/or rotated in turn to identify the lowest (caudal) attachments of the aortic valve leaflets (¼'nadir')( Figure 1B-F) . The AoA plane includes all three nadir ( Figure 1G ). 6 To obtain a LVOT plane, the three MPR planes were shifted and rotated to ensure that two MPR planes bisect the long axis of the LVOT in parallel and the transverse MPR plane is orthogonal to the two MPR planes, because long axes of the ascending aorta and the LVOT are not coaxial ( Figure 1H and I ). Finally, the LVOT plane was obtained by moving the transverse plane 5 mm into the LVOT ( Figure 1J ). 12 In each 3D plane, the maximum and minimum diameters and the planimetered area were measured ( Figure 1K ). The eccentricity index was calculated as follows: 1 2 (minimum diameter/maximum diameter).
Assessment of geometric changes in AoA and LVOT during TAVR
Prosthesis size selection was confirmed by cross-sectional CT (n ¼ 98) or 3D-TEE (n ¼ 33). 5 Before TAVR, congruence between AoA and prosthesis was appraised with the area cover index: 100 × nominal prosthesis area (NPA)/pre-TAVR AoA area (%). The NPA was calculated on the basis of the pre-specified diameter of the implanted prosthesis (415 mm 2 for the 23 mm, 531 mm 2 for the 26 mm, and 661 mm 2 for the 29 mm diameter prosthesis). 8 Immediately after TAVR, we created again 3D true cross-sectional AoA plane just beneath the cusps of the aortic prosthesis, and the LVOT 5 mm below the AoA, which is proximal to the apical margin of the valve stent ( Figure 2 ). When post-TAVR AoA area was measured, the inner edge of the stent was traced with close attention to not including the artefact of the stent. The geometric change in AoA was assessed by the following: 100 × post-TAVR AoA area/pre-TAVR AoA area (%). In addition, the size relationship between post-TAVR AoA and prosthesis was assessed by the following: 100 × post-TAVR AoA area/NPA (%).
Post-TAVR prosthesis -patient mismatch
A complete 2D Doppler examination was performed on all patients at discharge. 14 Multidetector CT image acquisition and measurement for AoA size
In a subset of 88 patients with available CT data, AoA diameters and areas were validated with those by cross-sectional CT analysis. Multidetector CT image acquisition was performed as described in our previous study. 15 Curved MPR analyses were performed using software specifically customized to valve analysis (3mensioValves version 4.1; 3mensio Medical Imaging BV, Bilthoven, The Netherlands).
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Substudy analysis for the comparison between 2D Doppler echocardiography and 3D-TEE
To compare the incidence of PPM by 3D-TEE vs. 2D Doppler echocardiography, we calculated 3D-TEE-derived EOA by using the measured 3D planimetered post-TAVR LVOT area in the continuity equation.
Statistical analysis
Results are expressed as mean + SD or numbers (%). The paired t-test was used to compare pre-and post-procedural geometry of the AoA and LVOT. Pre-and peri-procedural data were compared between patients with and without PPM using Student's t-test for continuous variables and x 2 test or the Fisher's exact test for categorical variables. Multivariate logistic regression analysis was performed for PPM using the pre-and periprocedural covariates that differed between PPM groups (P ≤ 0.10). Receiver-operating characteristic curves were generated using post-TAVR overall or severe PPM as the event. Specific cut-off values were defined using these curves on the basis of the highest sum of the sensitivity and specificity for the prediction of overall or severe PPM. To study the effect of PPM on cardiac events (cardiac death or heart failure requiring hospitalization), Cox proportional hazards regression was performed. In the substudy analysis, relationships between indexed EOAs and mean pressure gradient were assessed with multiple regression models. Comparison between correlation coefficients used the Wolfe test. For 3D-TEE measurements, intra-and interobserver reproducibility was described by the percentage of mean absolute difference using Bland -Altman analysis and by intraclass correlation coefficients. All 3D-TEE measurements Intraprocedural 3D-TEE for post-TAVR PPM were performed by experienced physicians with .5 years of experience in the assessment of TAVR echocardiograms. Analyses were performed using SPSS version 21.0 (IBM, Armonk, NY, USA).
Results
Study population
All 131 patients [median age: 83 + 8 years, female: 54 (41%)] had severe aortic stenosis: median value for aortic valve area was 0.63 + 0.15 cm 2 and for mean pressure gradient was 47.1 + 12.7 mmHg ( Table 1) . Reduced LV ejection fraction (≤50%) was seen in 33 of 131 subjects (25%), and paradoxical low-flow state (LV ejection fraction .50% and stroke volume index ≤35 mL/ m 2 ) was present in 47 of 131 subjects (36%). In the majority of cases (88%), preparatory balloon aortic valvuloplasty and/or postimplantation balloon dilation were required. After TAVR, significant postprocedural PVR was observed in 16 patients (12%).
3D-TEE-derived geometric changes in AoA and LVOT during TAVR
3D planimetered AoA area decreased after TAVR, whereas the LVOT increased ( Table 2 ). The eccentricity of both AoA and LVOT decreased. The decrease in AoA area after TAVR was caused by the reduction in maximum AoA diameter ( Table 2 ) and inversely correlated with area cover index (R ¼ 20.53, P , 0.001). In contrast, the increase in LVOT area was caused by the extension of minimum LVOT diameter ( Table 2 ) and correlated with AoA/LVOT area ratio (R ¼ 20.24, P ¼ 0.006).
The area cover index was 120 + 13%, indicating the NPA 20% larger than the native AoA area. The ratio of post-TAVR AoA area/pre-TAVR AoA area was 93 + 8%, indicating the prosthesis area 7% smaller relative to the native AoA area. The ratio of post-TAVR AoA area/NPA was 79 + 8%, indicating the prosthesis area 21% smaller relative to the NPA.
Incidence of PPM
At discharge, the incidence of overall and severe PPM was 44% (n ¼ 58) and 12% (n ¼ 16), respectively. Compared with no PPM, moderate and severe PPM had higher mean pressure gradient (8.7 + 3.4 vs. 11.2 + 3.8 vs. 13.1 + 4.9 mmHg; P , 0.001). 3D planimetered AoA area had no influence on the incidence of PPM, while LVOT eccentricity index, body surface area, body mass index, and balloon dilation were associated with the incidence of overall PPM (Figure 3) . 
Clinical and echocardiographic characteristics according to PPM
Patients with PPM were younger and had a larger body surface area, larger body mass index, and less frequent balloon dilation ( Table 3) . Patients with PPM had a smaller aortic valve area compared with those without PPM (P ¼ 0.040). A lower LV ejection fraction, higher proportion of significant aortic regurgitation, and higher LVOT eccentricity index were also observed in the PPM group (Table 3 ). In addition, there was a trend towards more frequent severe aortic valve calcification in the PPM group (P ¼ 0.064). In contrast, no statistically difference was seen in the distribution of postprocedural PVR according to PPM (Figure 4) , but difference in the area cover index, post-TAVR AoA area/pre-TAVR AoA area, and post-TAVR AoA area/NPA according to PPM ( Figure 5) .
Despite similar area cover index, the ratio of post-TAVR AoA area/pre-TAVR AoA area was significantly lower in the PPM group (P ¼ 0.001). In contrast, the ratio of post-TAVR AoA area/NPA tended to be lower in the PPM group (P ¼ 0.07).
Multivariate analysis for the prediction of post-TAVR PPM
A multivariate logistic regression analysis was performed for PPM using the pre-and peri-procedural covariates of age, body surface area, aortic valve area, LV ejection fraction, aortic regurgitation, severe aortic valve calcification, LVOT eccentricity index, balloon dilation, post-TAVR AoA area/pre-TAVR AoA area, and post-TAVR AoA area/NPA. A lower ratio of post-TAVR AoA area/pre-TAVR AoA area, larger body surface area, smaller aortic valve area, and balloon dilation were independently predictive of overall PPM ( Table 4 ). In addition, a lower ratio of post-TAVR AoA area/pre-TAVR AoA area and larger body surface area remained predictive of severe PPM ( Table 5) .
Receiver-operating characteristic curve analyses
With receiver-operating characteristic curve, a cut-off value of post-TAVR AoA area/pre-TAVR AoA area .93.4% had a sensitivity of 66% and a specificity of 62% for the prevention of overall PPM ( Figure 6A ). In addition, a cut-off value of post-TAVR AoA area/pre-TAVR AoA area .86.3% had a sensitivity of 84% and a specificity of 44% for the prevention of severe PPM ( Figure 6B ).
Clinical outcome
The median clinical follow-up was 2.4 years (interquartile range: 1.9 -3.3 years). During the follow-up period, 45 patients (34.4%) met cardiac events (cardiac death, n ¼ 7; heart failure requiring hospitalization, n ¼ 38). In a Cox regression analysis, the presence of moderate or severe PPM was associated with increased cardiac events, even after adjustment for reduced LV ejection fraction, paradoxical low-flow state, and significant PVR after TAVR ( Table 6) .
Substudy results for the comparison between 2D Doppler echocardiography and 3D-TEE
The correlation between Doppler-derived indexed EOA and 3D-TEE-derived indexed EOA was excellent (R ¼ 0.89, P , 0.001). 3D-TEE-derived indexed EOA was larger than Dopplerderived indexed EOA, resulting in a lower incidence of overall and severe PPM (Table 7) . However, 3D-TEE-derived indexed EOA compared with Doppler-derived indexed EOA does not improve haemodynamic correlation between mean pressure gradient and indexed EOA (Wolfe test, P ¼ 0.32; Figure 7) . 
Reproducibility of 3D-TEE measurements
Measurement variability (intraclass correlation coefficient and percentage of mean absolute difference) in pre-TAVR AoA area was 0.94 (95% CI, 0.89 -0.99) and 4% for intraobserver variability and 0.88 (95% CI, 0.76 -0.97) and 6% for interobserver variability. For post-TAVR AoA area, measurement variability (intraclass correlation coefficient and percentage of mean absolute difference) was 0.96 (95% CI, 0.90 -0.99) and 3% for intraobserver variability and 0.90 (95% CI, 0.81 -0.98) and 5% for interobserver variability.
Discussion
The present study evaluates for the first time geometric changes in AoA and LVOT by using intraprocedural 3D-TEE obtained during balloon-expandable TAVR in patients with severe aortic stenosis. 3D-TEE can assess intraprocedurally the cross-sectional area and its elliptical shape of AoA and LVOT, which were significantly altered by the prosthesis insertion. In multivariate analysis, a larger body surface area, smaller pre-TAVR aortic valve area, and lower ratio of post-TAVR AoA area/pre-TAVR AoA area predicted occurrence of PPM after TAVR.
Anatomical observation of ventriculoaortic complex during TAVR
The anatomic complexity of AoA and LVOT in patients with aortic stenosis has been elucidated in several 3D-TEE or cross-sectional CT studies. 5 -7 However, few studies have evaluated geometric changes in AoA and LVOT during balloon-expandable TAVR procedure. In this field, intraprocedural 3D-TEE yields a good visualization of the implanted prosthesis post-TAVR, allowing an immediate assessment of appropriateness of its expansion and position. In the present study, the AoA area decreased due to implantation of the prosthetic valve within the AoA, and, on the other hand, LVOT increased following TAVR in large part due to circularization of LVOT. Intraprocedural 3D-TEE for post-TAVR PPM enlarge the LVOT by pushing it wide in the short-axis direction and lead to the increase in LVOT area and more circular shape.
Incidence of post-TAVR PPM
The presence of moderate-to-severe PPM has been reported in 31-52% of cases. 2 -4,8 Severe PPM has been reported in 9 -14% of patients undergoing balloon-expandable TAVR, 2 -4,8 which is consistent with our study. In the substudy analysis, we showed that the incidence of PPM by 3D-TEE was lower than the 2D Doppler method. It appears, however, to be important to interpret from physiological and outcome points of view whether 2D Doppler echocardiography-based EOA calculation is superseded by the 3D measurements. At the moment, PPM is diagnosed by 2D Doppler echocardiography in clinical practice, because Dopplerderived EOA have been widely validated, 1 and haemodynamic correlations did not improve by 3D-TEE-derived EOA in the present study.
Determinants of post-TAVR PPM
Given the association of post-TAVR PPM with persistent low-flow state, 3 less LV mass regression, and increased mortality, 4 identifying factors related to this procedural complication may have an impact on clinical outcomes. Until now, several studies for pre-procedural determinants of PPM have been reported. It is abundantly clear that a larger body surface area is associated with post-TAVR PPM. 4, 8 Therefore, a smaller indexed aortic valve area has been observed in patients with PPM. However, our study, like a recent study, 16 showed that a smaller pre-procedural aortic valve area was an independent predictor of PPM on multivariate analysis. Small aortic valve area may be a marker for more advanced calcific valve disease, which may preclude optimal deployment of the prosthetic valve.
On the other hand, there has been a paucity of investigation about peri-procedural determinants of post-TAVR PPM. The geometry and cross-sectional area of the implanted prosthesis could be assessed intraprocedurally by using 3D-TEE. As a result, compared with no PPM, PPM patients in the present study were found to have smaller post-TAVR AoA area relative to the native AoA area. Notably, a lower ratio of post-TAVR AoA area/pre-TAVR AoA area was a peri-procedural determinant of both overall and severe PPM on multivariate analysis. In some cases, additional procedures may be necessary to elevate this ratio and to ensure a sufficient prosthesis expansion. However, in the present study, preparatory balloon aortic valvuloplasty and/or postimplantation balloon dilation was associated with overall PPM but not with severe PPM, which may increase mortality. 4 In addition, the use of balloon dilation may cause increased risk of neurological events and aortic root rupture. 12, 16 Thus, additional balloon dilation for the purpose of reduction of PPM should be carefully considered. Even with that, an intraprocedural 3D-TEE monitoring of post-TAVR AoA area/pre-TAVR AoA area may allow to set a procedural endpoint for the prevention of PPM and would be useful for the patient management. 
Clinical implications
The options currently available to the clinician for the prevention of post-TAVR PPM are limited. Given the significant improvements in prostheses design in the future, prevention of PPM will partially be accomplished by the implantation of prosthesis providing a better haemodynamic performance. Preventive strategies to avoid or minimize PPM would be desirable in patients who are at high risk (i.e. very severe aortic stenosis with a large body surface area) or vulnerable to the effect of PPM, such as depressed LV systolic function, severe LV hypertrophy, and paradoxical low-flow aortic stenosis. 17 Particularly, patients with paradoxical low-flow aortic stenosis have been often at a more advanced stage of the disease with the presence of persistent myocardial impairment. 18 The present results show that paradoxical low-flow aortic stenosis and PPM are both independently associated with increased cardiac events after TAVR. Hence, in addition to an intraprocedural 3D-TEE monitoring of the ratio of the post-TAVR AoA area relative to the native AoA area, a comprehensive assessment of cardiac function including the measurement of stroke volume would be crucial in the risk stratification process.
Limitations
First, a definition of PPM was chosen on the basis of commonly used indexed EOA criteria included in the guidelines. Other cut-off points, such as the adjusted definitions suggested by the Valve Academic Research Consortium-2 criteria, 11 may produce different results. Second, our study is limited by the absence of post-TAVR CT imaging or pathological confirmation, so the interpretation of low ratio of post-TAVR AoA area/pre-TAVR AoA area as insufficient prosthesis expansion remains to be elucidated. Finally, the accuracy of the proposed cut-off values of post-TAVR AoA area/pre-TAVR AoA area needs to be verified in a different, prospectively enrolled patient population.
Conclusion
In summary, intraprocedural 3D-TEE can evaluate geometric changes in AoA and LVOT during balloon-expandable TAVR. Small post-TAVR AoA area relative to the native AoA area determined by 3D-TEE, which may be indicative of insufficient prosthesis expansion, is associated with post-procedural PPM. The application of intraprocedural 3D-TEE in this setting may reduce post-TAVR PPM and lead to a further amelioration of clinical outcomes.
